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PRELIMINARY RESULTS OF DIFFUSION STUDIES 
OF COMME3CIALLY AVAILABLE COATINGS ON 

Mo-O. 5 Ti .  MOLYBDENM ALLOY SHEET 

INTRODUCTION 

Proposed applications of refractory metals i n  the thermal protection 

systems of aerospace vehicles may involve repeated f l i gh t s  with temperature 

his tor ies  from 2000" F t o  3000" F for 15  minutes or  longer during each 

f l ight .  

u t i l i z e  them i n  very thin gages. 

The high densit ies of the refractory metals makes it mandatory t o  

l%r applications of t h i s  type, the 

~ 

~ 

detrimental e f fec ts  of diffusion must be considered. 

substrate must re ta in  suff ic ient  strength and duc t i l i ty  over the intended 

The refractory metd 

1 

1 
range of usefulness. 

substrate during i t s  application or  i n  subsequent service. 

The coating must not enibrittle the refractory metal 

It must provide 

~ a bar r ie r  t o  embrittling atmospheric gases a t  high temperatures. 

more, so l id  s t a t e  diffusion between coating and substrate must be limited 

because any decrease i n  substrate thickness w i l l  r esu l t  i n  a corresponding 

loss of strength i n  the s t ructural  component. 

Ru*ther- 

1 

Preliminary results of a NASA study t o  determine the oxidation protection 

afforded by several commercially available s i l ic ide  base coatings t o  Mo-0.5 T i  

I molybdenum alloy sheet were presented at the Sixth Meeting of the Reflractory 

Composites Working Group, reference 1. 

study w i l l  be presented as a NASA Technical Note in  the near future. 

specimens obtained from the same l o t  as those reported in  reference 1, the 

present study w a s  undertaken: 

The complete resu l t s  of t h i s  oxidation 

Utilizing 

(1) To determine whether the coatings had embrittled the M o 4 . 5  T i  

sheet beyond the  range of usefulness in  the coating application. 
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(2) To determine the magnitude of substrate loss due t o  solid- 

state diffusion during various exposures i n  air at 25W0 F. 

(3)  To obtain some insight in to  the mechanisms involved i n  the oxida- 

t ion  protection and solid-state diMrsion processes by ident i f icat ion of the 

several phases present in the s i l i c ide  based coatings after 250O0 F 

exposure i n  a i r .  

spM=IMENS, E&UIPMEXF, ANDPROCEDURES 

The specimens used i n  t h i s  investigation were small Mo-0.5 T i  coupons, 

The coated 1-5/8 inch by 3/4 inch by 0.012 inch (nominal before coating). 
~ 

specimens were supplied t o  NASA during the period from July t o  December 1961. 

The coatings investigated are l i s t e d  i n  table I. 

The specimens were heated a t  ambient pressure i n  slowly moving air at 

For each coating 

I 
I 

2500' F i n  an e lec t r i c  f'urnace and continuously weighed. 

one specimen was sectioned as coated, another after 1 hour continuous 

exposure, another after 8 hours continuous exposurer and another after 

coating failure as evidenced by 10 percent weight l o s s  i n  the specimens due 

t o  the formation of volat i le  MoO3. 

unoxidized areas remained t o  permit sat isfactory thickness determinations. 

For these failed specimens, enough 

Specimens were sheared warm, embedded on edge i n  Lucite, ground i n  a 

conventiond manner, and polished on a vibratory polisher using etch-polish- 

e tch procedures wlth MuraKami's etch. Thickness measurements were made on a 

bench microscope at  150X magnification using a f i lar  micrometer eyepiece 

RELl MI N A R Y  
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I calibrated against a ruled grating. 

average of at l e a s t  12 readings on 

Eachmeasurcment reported represents III 

1 specimen. Micmherdncss measurements 

I u t i l i z ing  the Knoop indenter with a 100 gram load were made i n  2 cross 

sectional traverses and several indentations were made on the centerline of the 

substrate. Indentations were also d e  i n  each of the various layers of the I 

coating where possible. 

I Coating phase identifications were made by combining metallographic 

examinations and x-ray diffract ion analyses. The procedure consisted of 

I obtaining diffract ion records by exposing the face of the specimen t o  C u  K 4  

radiation, grinding off 0.0002 t o  O.OOO5 inch and obtaining another pattern 

u n t i l  the  M . 5  T i  substrate w a s  reached. ’ Comparisons between analyzed x-ray 

I 
I 
I 

records and photomicmgraphs of the same specimen on edge made possible 

identification of the  coating phases present, w i t h  micmhardness verifications 

I i n  some cases. 

I RESULTS AND DISCUSSION 

I M e t a l l o g r a ~  and Mlcrohardness 

I The first two figures will review some of the  ’results presented in 

reference 1. 

cyclic temperature uposure. 

Figure 1 presents the  oxidation t e s t  resul ts  under constant and 

In general the l i f e  of the coated specimens was 

great ly  decreased under cyclic temperature exposure. In  figure 2, a summary 

I of t he  t ens i l e  t e s t  results of reference 1 is presented. 
I 

FSr ‘t;riefiiess in this preliminary report, photomicrographs, thickness 

PRELIMINARY 
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determinations and hardness data w i l l  be presented f o r  1 coating only. 

Siprilar data are available f o r  the  other coatings investigated and w i l l  be 

presented i n  a forthcoming NASA Technical Note. 

I 

The AMF Kote 2 i s  applied by a 2 cycle pack cementation process. H a l f  

of the  spechens supplied t o  NASA were subjected t o  a "preglassing" treatment 

consisting Of an exposure f o r  1 hour at 2800" F i n  air. 

photomicrographs of typical areas and a v e r s e  hardness values f o r  preglassed 

AMF coated specimens. 

recrys td l ized  the  W .  5 T i  substrate. The as coated, preglassed,spccimens 

which had e room temperature tens i le  strength of 60 ks i  and an elongation of  

3 percent (figure 2) ,  had a substrate Knoop hardness of 252. 

are  substantially the same as those obtained f o r  uncoated W . 5  T i  sheet expose( 

f o r  1 hour at 2800' F In vacuum, which indicates that aay anbrittlement due t o  

coating o r  preglasslng procedures w a s  not a large effect .  

Figure 3 presents 

The coating and preglassing procedures completely 

These properties 

Average thickness values a re  shown graphically i n  figure 4 along w i t h  

substrate hardness and percent recrystal l izat ion as functions of process and 

exposure time at  2500' F. 

did not change substantially with 8 hours exposure time and showed only a 

small increase after 1000 hours exposure. 

and increaaes i n  coating thickness and t o t a l  specimen thickness with exposure 

time at 2500' F are  shown in figure 4. 

After full recrystal l izat ion the  substrate hardness 

The reduction i n  substrate thickness 

Comparison of Results f o r  Various Coatlngs 

The hardness traverses showed tha t  fo r  each coating the hardness o r  the  

substrate was  uniform through the thicknesa o r  unifonr f o r  the recrystall ized 

and unrecrystallized areas. These data indicate that the  application of t he  

P RELI MI NARY 
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I 
~ ' 

coatings investigated did not embrittle t h e  substrate beyond i t s  range of 

usef'ulness. 

The substrate properties were significantly affected by the magnitude of the 

This effect  w a s  confirmed by the tens i le  t e s t  resu l t s  (figure 2). 

I 
I temperature and time ut i l i zed  i n  the coating application and not by the  

presence of t he  coating. 

2500" F exposures i n  air were a l so  uniform through the substrate thickness. 

Hasdness values fo r  d l  specimens after the various 

I 
I 
I 

The magnitude of the decrease i n  substrate thickness with exposure time 
I 

i n  air i s  indicated i n  figure 5 by the test  points. 

of the type 

An empirical relationship 
I 

B S = So - A t  

where 

S = substrate thickness a t  time t 

So = as-coated substrate thickness 
I 

t = exposure time at 2500' F i n  a i r  

A = constant 

B = constant 

w a s  found t o  describe the substrate thickness decrease with t i m e  with Tair 

accuracy f o r  the coatings investigated. The constants A and B fo r  

equation (1) are presented i n  table 

from equation (1). 

both process and additive elements other than sil icon, the substrate thickness 

decreased at approximately the same ra t e  for  all coatings. 

the d l f fus iun  problem encountered i s  basic in nature, involving the diffusion 

of s i l i con  i n t o  molybdenum w i t h  only s l igh t  variations caused by the other 

The curves i n  figure 5 were calculated 

Although the coatings investigated varied considerably i n  

This indicates that 
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elements present. 

s i l i c ide  base coatings on M 0 4 . 5  T i  sheet w a s  on the order of 0.001 t o  

0.003 inch in  the first 10 hours at 2500" F. This indicates t ha t  sol id  state 

diffbsion barr iers  may be required when coated refractory m e t a l s  of th in  gage 

are u t i l i zed  fo r  high temperature service i n  aerospace vehicles. 

The magnitude of substrate thickness decrease for  these 

Identification of Coating Phases 

Two coatings were chosen fo r  the x-ray investigations. The Boeing D i s i l  

is  a pure s i l i c ide  coating with no additives and thus provides a reference 

fo r  the reactions which occur at  high temperatures i n  s i l i c i d e  base coatings. 

The AMF Kote 2 was selected because of i t s  long oxidation l i f e  a t  high 

temperatures as shown i n  figure 1. It i s  assumed tha t  i f  the e f fec ts  of the 

additions t o  the s i l icon i n  the AMF coating pack were understood, a possible 

explanation for  the long 2500" F oxidation l i f e  could be postulated. 

Boeing D i s i l .  - In the  as-coated condition, the  Boeing D i s i l  coating w a s  

essent ia l ly  a single phase layer  of Mo Si2. F'igures 6(a) and 6(b) show highly 

magnified v iews  of a typical  D i s i l  coated specimen after 21.2 hours at 2500" F, 

with the various phases identified.  

th in  af'ter diffusion occurred. The appreciable Mo S i  content i n  the outer 

layer ind ica tes , tha t  t h i s  compound formed at the  expense of the MoSi, with the 

l iberated s i l icon participating in  the  formation of an outer glassy layer. 

The or iginal  M 6 i 2  layer  has become quite 

5 3  

. _  

It i s  t h i s  th in  layer of Si02, evident on inspection of specimens after high 

temperature t e s t s ,  which has been postulated t o  provide oxidation protection 

and self healing characterist ics.  Adjacent t o  the  MoSi2 + MO S i  is  a 

re la t ive ly  wide band of Mo S i  , f m d  t o  be preferent ia l ly  oriented with 3 
growth occurring i n  the 100 direct ion perpendicular t o  the substrate. 

5 3  
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3 
AMF Kote 2. -The photomicrographs i n  figure 3 show the growth and phase 

The band adjacent t o  the Mo4.5 T i  substrate w a s  not identifiable by 

x-ray techniques but w a s  identified by microhardness measurements as '%lo Si", 

normally found by siliconizing molybdenum. 
1 
~ This band did not grow appreciably 

i n  air, with the  phases identified. These phases are ident ical  t o  those 

I previously described for  the Boeing D i s i l  coating excepting for  the existance 

of an additional phase, identified as Mo (B,Si) 

provide no protection against oxidation o r  diffusion, but it does serve as an 

indication of the direction of mass flow. 

2500" F, t h i s  phase moves i n  a direction towards the outer glassy layer, 

I 
I 

This layer appears t o  3 '  5 

I 

I After extended length of time at 

~ 

indicating tha t  diffusion of s i l i con  inward i s  the predominating mass flow. 

The evidence of a boron compound i n  the AMF Kote 2 coating indicates t h a t  
I 

boron might a lso  be f m d  i n  the outer glassy layer, producing borosil icate 

glass i n  addition t o  the s i l i c a  produced by oxidation of the silicon. The 

glassy layer of the AMF Kote 2 specimens may therefore be expected t o  be a 

I viscous l iqu id  over a temperature range from belov 2OOO" F t o  over 3000" F. 

The boron and t races  of other additives, particularly aluminum, i n  the pack 

could also ac t  t o  retard recrystall ization of the outer glassy layer, thereby 

retaining oxidation protection and se l f  healing characterist ics i n  the AMF 

coating fo r  long periods of time at  high temperatures. 

PRELl M I NARY 
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CONCLUDING RE34ARK.S 

Worn the preliminary resu l t s  presented herein, the following may be 

concluded: 

(1) Solid s t a t e  diffusion barr iers  may be required when using s i l ic ide  
, base coatings on th in  gage r e f r ac to r j  metals at high temperatures i n  aerospace 

I vehicles. 
I 

( 2 )  The addition of detectable amounts of boron i n  one of the coatings 

i 
I 

appears t o  have provided a signific'mt increase in  oxidation protection over 

the other s i l i c ide  base coatings investigated for  M d . 5  T i  molybdenum alloy 

sheet. 

( 3 )  The application of the coatings investigated did not embrittle t h e  

, 
I 

M o - 0 . 5  T i  sheet beyond the range of usefulness. All coatings investigated 

~ appear t o  have provided a diffusion bar r ie r  fo r  the substrate against 
I 

~ atmosTheric gases at 2500" F u n t i l  fa i lure .  

I REEM3NCES , 

I 1. Rmmler,  D. R. ,  Stein, 3. A . ,  and Pride, R. A . :  Preliminary Results of a 

Comparative Study of Several Cor,mercially Available Oxidation Resistant 

I Coatings on Mo-0.5 T i  alloy Sheet. Presented at the Sixth meeting of the 

I Refractory Composites Working Group, June 1962, Dayton, Ohio. 
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WLF, I.- COATINGS INVESTIGATED ON Mo-0.5 T i  SKEET I 

METHOD OF CONSTl TUENT 
I COATING A PPL l  CAT I ON ELEMENTS 
1 

I 2-CYCLE PACK Si, B, Cr, 
CEMENTATI ON Cb, AI, C AMF KOTE 2 

1 

I 

1 BOEING D l S l L  FLU I D IZED BED S i  
I 

2-CYCLE PACK Si, Cr, B, C, 
CEMENTATI ON AI, Ti, Cb CHANCE VOUGHT 

I Si, C r  I CHROMALLOY 2-CYCLE PACK 
w-2 CEMENTATI ON 

I 
Si, Cr  PFAU D LE R 

PFR-5 CEMENTATI ON 
2-CYCLE PACK 

Si, Cb PFAUDLER 1-CYCLE PACK 
PFR-6 CEMENTATI ON 

PRELIMINARY 
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TABLE 11.- CONSTANTS FOR THE FORMULA S = So - A t B  DESCRIBING 

THE Mo-0.5 T i  SUBSTRATE THICKNESS DECREASE WITH 

EXPOSURE TTME I N  A I R  AT 2500° F 

Coatiw 

AMF Kote 2 
Not Preglas 8 ed 

AMF Kote 2 
h-eglrssed 

Bo- D i s i l  

Chance Vought 

chrolrulloy w 4  

Pfaudler -5 

Piraudler pFIt-6 

Inches 

0.0099 

0.0092 

0.0081 

0.0106 

0.0109 

0. oogl 

O.oog7 

_ _ ~  .-  

A 

0.00030 

0.00165 

0.00033 

0.00110 

O.OOO73 

0.00207 

0.00171 

. . 

B 

_._ ~ - -_--. 
0.5000 

0.1153 

0.4510 

0.0762 

0.5090 

0.1323 

0.1355 
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PREFERENTIALLY OR1 ENTED 

NASA 

Figure 7.- Cross-sectional view of an AMF' Kote 2 preglassed coated speci- 
men after 120 hours at 2500° F in air. X 500. 

I 

NASA-Langley, 1963 PRELIMINARY 
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